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FOREWORD

The research described herein was conducted at the Gas Dynamics Laboratories,
Department of Aerospace Engineering, The University of Michigan, under the direction of
Professor J.A. Nicholls. This work was performed under NASA Grant NGR 23-005-600
with Ivan E. Beckwith, Head, Gas Dynamics Section, NASA Langley Research Center, as

Project Manager.

Design and construction of the 8. 6~inch hypersonic wind tunnel were sponsored jointly by
The University of Michigan and the Naval Ordnance Systems Command under Subcontract
181462 with the Applied Physics Laboratory of the Johns Hopkins University, during the period
1962-1966. Initial tests to evaluate the flow were sponsored by the Aerospace Research Labora-
tories of the U.S. Air Force Office of Aerospace Research under Contract AF33(615)-24017.
The boundary-layer surveys reported in Appendix C were conducted in 1968 by Dr. Nikolay
Khvostov, a visiting Russian scientist whose work at The University of Michigan was funded
by the Ford Foundation and the U.S. Department of State as part of the cultural exchange

program with the Soviet Union.
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DESIGN AND PERFORMANCE OF THE UNIVERSITY OF MICHIGAN

6. 6-INCH HYPERSONIC WIND TUNNEL

By James L. Amick
The University of Michigan

SUMMARY

This wind tunnel incorporates several features designed to delay transition to turbulence
in the boundary layer of its nozzle, either by minimizing the disturbances to which the bound-
ary layer is exposed or by increasing the stability of the boundary layer. The efficacy of
these measures for delaying nozzle boundary-layer transition was evaluated primarily by
means of a forward-facing annular step, which detected transition as a jump in the ratio of
plateau pressure in the separated region ahead of the step, to the tunnel stagnation pressure.
Boundary-layer surveys with a travelling pitot probe confirmed the transition indications of
the forward-facing step. The boundary-layer surveys covered a contoured nozzle and a

conical nozzle with four interchangeable throat inserts.

Throat transition Reynolds numbers higher than those yet obtained in any other nozzle
except the Langley 4-in. Mach 5 nozzle were measured in the conical nozzle. Throat surface
roughness appeared to be the cause of transition, since heat transfer from the airstream to
the nozzle wall, which thinned the boundary layer, hastened transition. In the absence of
surface roughness, stability theory for infinitesimal disturbances would predict the opposite
effect of heat transfer. A physical juncture in the nozzle wall at a point where the local
Mach number was 2.9 had a step height an order of magnitude larger than the throat rough-
ness, yet did not effect transition. An increase in the throat longitudinal radius of curvature

lowered the throat transition Reynolds number.

INTRODUCTION

The subject wind tunnel is a unique facility with several distinctive features designed to
promote low-turbulence flow. This report describes the facility and presents the results of
measurements to delineate the tunnel performance and to determine the cause of the boundary-

layer transition that limits the range of low-turbulence operation.



Existing hypersonic wind tunnels that operate at moderate-to-high Reynolds numbers have
high levels of stream turbulence caused by noise radiated from turbulent boundary layers on
the nozzle walls. Such high turbulence has a dominant effect on the boundary-layer transition
of models immersed in the stream. Because of this dominant effect of stream turbulence,
existing hypersonic tunnels are unsatisfactory for critical investigations of boundary-layer

transition on models.

In order to achieve a low level of stream turbulence it is necessary to maintain laminar
boundary layers on the walls of the wind tunnel nozzle. Recent progress on laminar wind-
tunnel nozzles is discussed in references 1 and 2. Beckwith et al. (ref. 1) summarized the
efforts of current investigators, and conducted experiments which showed that transition
occurs almost simultaneously in the entire supersonic portion of the nozzle boundary layer.

It is believed that bursts of turbulence originate in the boundary layer of the throat region and
are convected downstream. Because of the stabilizing effect of the favorable pressure gradi-
ent, combined with the large increase in boundary-layer volume with distance downstream, '
the growth of these turbulent bursts may be insufficient to cause them to coalesce before
reaching the nozzle exit. Thus the entire nozzle boundary layer downstream of the throat may

exist in a transitional state at a given time.

Since boundary-layer turbulence seems to originate at the throat, the problem of how to
make a laminar flow nozzle reduces tothat of finding a way to avoid having the throat boundary
layer become turbulent. In this respect, the degree of success of various supersonic and
hypersonic nozzles can be measured in terms of the throat transition Reynolds number,

Ret = p*v*d*/u*, where p,,V,, and u, are sonic values of mass density, velocity, and vis-
cosity, respectively, when transition is just beginning, and d, is the throat diameter. The

highest values of Re, yet reported are those of Stainback et ai. (ref. 2), who obtained

t
Ret =1.856x 106 in the Langley 4-inch Mach 5 nozzle. This throat Reynolds number is not

quite high enough to produce natural transition on an insulated cone model in the test section.

The above results of Stainback et al. were obtained using a careful application of conven-
tional wind tunnel design techniques. On the other hand, the 6.6-inch hypersonic wind tunnel
described herein has several unconventional features intended to minimize disturbances of the

flow entering the nozzle, and to maximize the boundary layer stability.

The tunnel design minimized incoming flow disturbances by providing:
1. vibration isolation of the tunnel from the throttling valve in the high pressure air

supply line,



uniform heating of the air,.

2

3. a poi'ous metal filter in the settlihg chamber,'

4 a large contraction from settling chamber to throat, and
5

smooth nozzle wall surfaces.

Stability of the boundary layer in the contoured nozzle was maximized by designing the
nozzle to have as short a length as practical, so that large favorable pressure gradients
~ would exist throughout its length. Nozzle design accuracy was maintained at a high level to

avoid unwanted local compression regions.

The following sections discuss these design features, the overall tunnel performance,
and measurements made to determine the cause of transition. An appendix (Appendix C) pre-
sents the results of surveys of the nozzle boundary layer conducted by Dr. Nicolay Khvostov,

a Russian exchange scientist.

The unit of pressure used throughout most of this report is the kilopascal (kPa). The

pascal is the recently adopted name for the newton per square meter. Useful equivalents are

1000 N/m2

0.1 N/cm2

= 0,01 bar

= 0.14504 psia

= 0.0098692 atmospheres

1 kPa

11

TUNNEL DESCRIPTION

The 6. 6-inch hypersonic wind tunnel consists of a metal storage heater, interchangeable
contoured or conical nozzles, an open-jet test section, and a fixed diffuser, plus necessary
inlet and exhaust piping to connect to a high pressure air supply and a vacuum tank. The

general arrangement of these components is shown in figure 1.

Air Supply

The tunnel is supplied with dry compressed air from a large storage tank at pressures
up to 170 atmospheres. Throttling from the storage tank pressure to the desired heater pres-

sure (63 atmospheres or less) is accomplished by means of a dome-loaded pressure regulat-

ing valve which is remotely controlled from the tunnel operating console. This throttling



valve is connected to the heater by approximately 7 meters of rigid pipe and a 1. 3-meter length
of flexible hose. The flexible hose isolates the rest of the tunnel from vibrations originating

in the throttling valve.

Heater

The heater consists of a 54-meter length of 26. 6-mm-inside-diameter stainless steel pipe,
having a wall thickness of 3.4 mm, which is coiled and surrounded by insulation. A low voltage
(15-25 V. ac) electric current is passed through this heater pipe in order to preheat it, by
resistance heating, to the desired operating temperature of the tunnel (up to 800 K). During a
run, cold air enters one end of the heated pipe and emerges from the other end at almost the
pipe temperature. The emerging air stream maintains a substantially constant temperature
over a long period of time (of the order of a minute), while it is being heated almost entirely
by transfer of heat from the upstream portions of the pipe. It is believed that the temperature
uniformity of the air stream is very good, because of the large amount of turbulent mixing that

takes place downstream of the region where most of the heat is added.

This type of heater was apparently originated at Princeton University, and is described

by Zarin in reference 3.

Settling Chamber

The downstream end of the heater pipe is welded directly to a 100-mm-inside-diameter
settling chamber (see fig. 2). Separate resistance heaters are used to preheat this settling
chamber to approximately the same temperature as the heater pipe, so that air flowing along
the settling chamber walls will maintain nearly the same temperature as that flowing along
the axis. Temperatures at various points on the settling chamber and heater pipe are moni-
tored by means of iron-constantan thermocouples. Stagnation air temperature is measured
by an iron-constantan thermocouple installed in the center of the settling chamber. An
insulating gasket consisting of five layers of Inconel alternating with six layers of wire-mesh-
reinforced asbestos is used to seal the flanged joint between the settling chamber and the

nozzle, while minimizing heat transfer to the nozzle.

Spherical Filter

At the downstream end of the settling chamber a porous stainless steel filter is fitted into

the nozzle entrance. The filter has a constant thickness of 6 mm and spherical inner and

4



outer surfaces. The edge of the filter was machined on a lathe to fit the entrance of the nozzle,
so that the downstream surface of the filter is perpendicular to the nozzle surface at a point
where the local Mach number is 0.0068 (for a 11.1-mm throat diameter). Leakage of air
between the filter edge and the nozzle surface is prevented by a thin coating of a high-

temperature thread compound.

The spherical filter, with its relatively large pressure drop, effectively obliterates the
previous history of the flow. A convergent conical flow begins just downstream of the filter,
where all streamlines are perpendicular to the spherical filter surface. Thus, the spherical
filter makes possible a nozzle entrance of extremely wide angle (166o included angle in this
case), which produces a very favorable pressﬁre gradient tending to stabilize the boundary

layer. Without the filter, such a wide entrance would cause separation.

It might be thought that the porous material of the spherical filter would be a source of
serious turbulence, because of the known tendency of the small jets emerging from the pores
to coalesce into larger jets in a repeatable pattern (ref. 4). However, in the case of the
present wind tunnel the flow velocity through the porous material is so low that the resulting
turbulence can amount to only a few hundredths of one percent of the flow velocity at the
throat. Pimenta and Moffat (ref. 4) made hot wire traverses 3 mm downstream from the sur-
face of a porous material sintered from particles of approximately 0.1 mm diameter (a
particle size similar to that used in the present spherical filter). They found a mean flow
velocity non-uniformity of approximately + 3 percent of the average velocity of 0.1 m/s.
Applying this same percentage to the spherical filter in combination with a 11.1-mm-diameter
throat gives a mean flow velocity non-uniformity of + 0.06 m/s, which is only + 0.02 percent
of the throat velocity. The rms turbulent velocity fluctuation resulting from this mean flow

velocity non-uniformity would be an even smaller percentage of the throat velocity.
Nozzles

Two axisymmetric nozzles have been used with this wind tunnel: 1) a contoured nozzle
designed for Mach 8, and 2) a conical nozzle with four interchangeable throat inserts to give

Mach numbers between 7 and 10.

The contoured nozzle was carefully designed to have a short length (to maxzimize the
favorable pressure gradient) and yet produce uniform, parallel flow at its exit. The nozzle
design procedure is described in Appendix A. The important transonic region was calculated

by means of extended Friedrichs method equations given in Appendix B.



The technique of fabrication chosen for the contoured nozzle was that of electroforming.
In this process, the nozzle wall is formed by electroplating over a mandrel. When the desired
wall thickness is reached, after several weeks of plating, the mandrel is removed. The inside

surface of the resulting nozzle duplicates closely the surface finish and shape of the mandrel.

The mandrel for the nozzle was turned from an aluminum billet on a tape-controlled lathe,
to a nominal accuracy of 0.025 mm. The tape that controlled the lathe had been generated by
a computer program that approximated the calculated nozzle contour by a series of 295
straight-line or circular-arc segments. After machining, the mandrel was hand polished

with three grades of silicon carbide paper and two grades of diamond paste.

The electroforming was begun with nickel. After a thin layer of nickel had been built up,
the remainder of the electroforming was done with copper, reaching a thickness of 15 to 25 mm.
After mating surfaces were machined on both ends of the nozzle, the aluminum mandrel was
removed by dissolving with hot sodium hydroxide, leaving a thick-walled copper nozzle with

excellent heat-sink characteristics.

Unfortunately, one of the preliminary steps by the electroforming contractor resulted in a
rough finish on the nozzle. Some of the roughness in the throat region was subsequently

removed by hand polishing.

In place of the contoured nozzle just described, the conical nozzle shown in figure 3 may
be installed. This nozzle has an 11° total cone angle and consists of three major parts:
1) a stainless steel throat insert, 2) a brass piece into which the throat insert fits, and
3) an aluminum downstream piece. The pieces are secured to each other by set screws or
bolts, and the joints between them are sealed with O-rings. This nozzle has the same
entrance angle as the contoured nozzle (1660), and can therefore be used with the spherical

filter.

There are four interchangeable throat inserts for the conical nozzle. The throat diam-
eters of these inserts, and the theoretical one-dimensional inviscid Mach numbers at the
insert downstream end (first juncture), brass piece downstream end (second juncture), and

nozzle exit are given in table I.

The smaller diameter throat inserts produce flow static temperatures lower than the
equilibrium condensation temperature, for supply temperatures that can be achieved by the
heater. However, according to Daum's results (ref. 5) at stagnation pressures in the operat-

ing range of this wind tunnel the gas in the nozzle supercools and does not condense.



TABLE 1. - CONICAL NOZZLE GEOMETRIC PARAMETERS

Throat Nominal Throat Supersonic | One-Dimensional Mach Number af
Diameter Radius of Curvature Length
First Second :

d,, mm mm mm Juncture Juncture Exit
13.18 68.5 800 2.02 4.13 7.72
11.1 : 46.5 815 2.41 4.53 8. 33

8.7 29.5 825 2.92 5.12 9.24
6.83 18 835 3.44 5.85 10. 24

The stainless-steel throat inserts were hand polished using diamond polishing compound,
but visible circumferential grooves remain. At the junctures between the three nozzle pieces

step heights are less than 0.05 mm.

Diffuser

Flow from the axisymmetric nozzle issues into the test chamber as a free jet, which is
collected by the converging supersonic diffuser shown in figure 1. This supersonic diffuser,
having a half-angle of 7° , is followed by a 71-cm-long second throat of 18-cm diameter and
a 3° half-angle subsonic diffuser. The diffuser exhausts into a 25-cm diameter pipe which
then enlarges to 30-cm diameter and connects to a vacuum tank. The vacuum tank has a

volume of 370 m3 and can be evacuated to 0.003 atmosphere.
TUNNEL PERFORMANCE

With the Mach 8 contoured nozzle installed the tunnel can run for 20 sec or longer over
the stagnation pressure range of 100 to 4700 kPa. At intermediate stagnation pressures

much longer runs, exceeding two minutes under some conditions, are possible.

The vacuum tank size determines maximum run length at the lower stagnation pressures.

A 90 sec run can be made at a stagnation pressure of only 200 kPa.

Run times at the higher stagnation pressures are limited by the heat storage capacity of
the coiled-pipe heater. After 20 sec of running at the maximum stagnation pressure of 4700

kPa the heater outlet temperature has fallen about 2 K. Further running results in



increasingly faster temperature drops.

The maximum operating stagnation pressure of 4700 kPa for a nozzle throat diameter of
11.1 mm, results from the 6300-kPa working pressure limitation of the heater and a 1600-kPa
pressure drop across the spherical porous-metal filter at this heater pressure. The filter

pressure drop is proportional to the heater pressure, for a given nozzle throat area.

Flow uniformity in the contoured nozzle has not been extensively investigated. From a
limited number of tests with a 5-prong pitot probe near the nozzle exit, it appears that the

Mach number deviations from an average value at a given station are less than + 2 percent.
INSTRUMENTATION FOR TRANSITION DETECTION

Transition of the nozzle wall boundary layer in this tunnel has been detected by three kinds
of instrumentation: 1) travelling pitot probe traversed through the boundary layer, 2) annular
forward-facing step, and 3) pitot pressure fluctuation. The three methods appear to give

similar results.

Travelling Pitot Probe

Boundary-layer surveys in the downstream half of each nozzle were conducted by Dr.
Nicolay Khvostov, a Russian exchange scientist sponsored by the State Department. These
boundary-layer surveys are described in detail in Appendix C. Briefly, the pressure picked
up by a travelling pitot probe was plotted on an x-y recorder as a function of distance from
the nozzle wall. Laminar or turbulent boundary-layer states were easily distinguished by the

boundary-layer profile shape and relative thickness.

Annular Step

In order to detect transition near the throat of the conical nozzle an annular forward-
facing step was installed at the downstream end of the throat insert, as shown in figure 4.
This annular step has a height of 0. 84 mm. The step is the front face of a cone frustum
which fits tightly into the conical nozzle. It is held in place by three tubes which extend

back to the nozzle exit, where they are clamped.

An orifice in the step face senses the plateau pressure pp in the separated flow ahead of
the stép, With a laminar boundary layer approaching the step the plateau pressure is con-

siderably smaller than it is when the boundary layer is transitional or turbulent. Thus, a

8



sudden rise in plateau pressure as the tunnel stagnation pressure P, is gradually increased

signals the beginning of transition.

Pitot Pressure Fluctuation

A marked increase in pressure fluctuations throughout the supersonic part of the nozzle
occurs when the boundary layer becomes transitional, and this can be sensed by a pitot probe
as reported in reference 2. For the present tests, a 5. 6-mm-diameter quartz piezoelectric
transducer was flush mounted at the forward end of an 8-mm -~diameter pitot probe. A charge
amplifier and rms integrator conditioned the signal for an x-y recorder which plotted the

fluctuation level as a function of tunnel stagnation pressure.
NOZZLE BOUNDARY-LAYER TRANSITION

In order to determine the cause of nozzle boundary-layer transition, tests were conducted

in the conical nozzle with the d, = 8.7 mm throat insert in three different surface conditions.

Nozzle Conditions

Condition A of the d, = 8.7 mm throat insert represents the original condition corres-
ponding to the boundary-layer surveys of Appendix C. The throat region had been polished
with a diamond compound, but visible circumferential grooves remained. A profilometer
tracing of a portion of the surface 5 mm ahead of the throat, taken in the streamwise direction,
is shown as figure 5. Roughness peaks projecting 0.1 um above the average surface are

present, and a circumferential groove 0. 3 um deep and 400 um wide is seen.

For Condition B the throat insert was polished with a motor-driven endless leather cord
threaded through the throat and dressed with a stainless steel buffing compound. This polish-
ing resulted in a greatly decreased roughness height of 0.01 m as shown in figure 6, but it
produced many pits of diameters ranging up to 100 um (not shown in figure 6). Each pit was

followed by a long tapering groove extending downstream.

The nozzle throat contour in Condition B was measured by means of a wax replica viewed
at 50 times size on an optical comparator, with the result shown in figure 7. The 30-mm
longitudinal radius of curvature does not join the conical supersonic portion tangentially but
rather at an angle of 7. 2°. The juncture is rounded with radii of 6-28 mm. Presumably

this same shape existed in Condition A.



For Condition C the small radius of curvature at the throat in Condition B was increased
by removing material until the throat diameter had increased by 0.8 mm to a new throat diam-
eter of 9.5 mm, as shown in figure 7. The new contour was polished with diamond compounds,
finishing with the 1/4-um grade. However, microscopic examination of a wax impression of
the throat region revealed many pits (without tails) ranging up to 100 um in diameter and 1 um

in depth, as well as circumferential grooves about 1 um deep.

Transition Results

Transition data for the three nozzle insert conditions are shown in figure 8. The plateau
pressure pp on the forward-facing annular step is plotted as a function of tunnel stagnation
pressure p . On each curve an increase in the rate of change of step pressure with stagnation

pressure above the initial proportional rate indicates the beginning of transition.

Results of pitot pressure fluctuation measurements for Condition B, with the pitot tube
located on the nozzle centerline 145 mm downstream of the throat, are compared in figure 9
with annular step pressures. The pitot pressure fluctuation curve represents rms pitot pres-
sures integrated over a 0.1-sec time period, plotted to an arbitrary ordinate scale. The sud-
den rise in fluctuation level at a stagnation pressure of about 650 kPa indicates the beginning

of transition, in agreement with the annular step data.

The results shown in figures 8 and 9 are for room temperature air flowing through the
nozzle, with almost no heat transfer to the nozzle wall. When the air was heated to about
500 K and the nozzle was kept near room temperature, the results depicted in figure 10 were
obtained. In each of the two runs shown, the tunnel stagnation pressure was increased and
decreased through several cycles. Each sudden rise in step pressure (marking the beginning
of transition) occurred at a higher stagnation pressure than the preceeding one. Thus the
nozzle transition Reynolds number increased monotonically during each run, whereas during

the cold flow runs it had remained constant.

The increase in transition Reynolds number during the runs with heated air is believed
to be due to the diminishing heat transfer rate interacting with the throat surface roughness.
At the beginning of a run the nozzle throat is relatively cold and there exists a high rate of
heat transfer to the wall, which thins the boundary layer, making the surface roughness
appear relatively large. Later in the run the heat transfer rate has decreased because the
wall is hotter, so that the boundary layer is thicker and less susceptible to disturbance by

the surface roughness. (See Appendix C for similar results.)

10



The transition data of figures 8 and 10 are summarized in figure 11, and compared with
data from the Langley 4-in. Mach 5 tunnel (ref. 2). The abscissa in this plot is the nozzle
wal_l temperature minus the stagnation temperature, Tw - To' This temperature difference
gives a rough measure of the rate of heat transfer from the nozzle wall to the airstream. The
values plotted are based on the estimated nozzle wall temperature before each run, with no
a11'c>wance for the actual change in wall temperature at the throat during the run. To minimize
the error due to this approximation, the transition Reynolds numbers Ret plotted are those

observed near the beginning of each run.

The data points in figure 11 at a temperature difference of -470 X represent transition
near the nozzle exit as determined by the boundary-layer surveys of Appendix C. These
results are in general agreement with the other results of the present tests, which were
obtained with the forward~facing step. Since the forward-facing step data were taken ahead
of the juncture between dissimilar metals in the conical nozzle, while the boundary-layer
surveys were made downstream of the junctures, any irregularities at these junctures
must have had no effect on boundary-layer transition. Step heights at the first and second

junctures are less than 50 pm and the local Mach numbers are 2.9 and 5.1, respectively.

General agreement is indicated in figure 11 between the present tests and the Langley
4-in. Mach 5 results, as to the effect of heat transfer on nozzle transition. The heat transfer
effect is such as to implicate throat surface roughness as the immediate cause of transition

in both tunnels.

Figure 11 indicates a significant decrease in transition Reynolds number in this tunnel
when the longitudinal radius of curvature r. in the immediate neighborhood of the throat is
increased (Condition C compared with Condition A and B), since the effective surface rough-
nesses of the three conditions are believed to be similar. The contoured nozzle also had a
relatively large throat longitudinal radius of curvature, and a correspondingly low transition

Reynolds number.
CONCLUSIONS

From the results of tests of The University of Michigan 6. 6-in. hypersonic wind tunnel

it is concluded that:

1. Nozzle boundary-layer transition in this wind tunnel is caused by throat roughness.
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2. For a given throat roughness, decreasing the longitudinal radius of curvature in the

immediate throat region can raise the throat transition Reynolds number.

3. Contrary to expectations based on stability theory for infinitesimal disturbances, heat

transfer from the airstream to the nozzle wall decreases the throat transition Reynolds num-

ber, when significant surface roughness is present.

4, Throat transition Reynolds numbers obtained in this tunnel under zero heat transfer

conditions are higher than those reported for any other nozzle except the Langley 4-in. Mach 5.
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APPENDIX A

DESIGN OF A SHORT-LENGTH NOZZLE FOR MACH 8

A Mach 8 axisymmeftric nozzle was designed fo produce uniform flow in an unusually short
length, so that a laminar nozzle boundary layer might exist at high Reynolds numbers. The

design methods used are described in the following.

Calculation of the inviscid flow began with an assumed centerline Mach number distribu-
tion (fig. Al). The flow field was calculated outward from the centerline, using the Friedrichs
method (ref. 6) for subsonic and transonic regions, and the characteristics method in the

supersonic region.

The Friedrichs method is a series solution of the exact flow equations, expanded about the
throat. The method thereforegives very good accuracy near the throat, and becomes less
accurate with increasing distance from the centerline. Accuracy also depends on the number
of terms carried in the series. To increase accuracy, several additional terms beyond those
given by Friedrichs were calculated. The equations used are shown in Appendix B; resulting
streamlines for the centerline distribution of figure Al are shown in figure A2. An enlarged

view of the throat region flow is shown in figure A3.

The supersonic region was calculated by the usual axisymmetric method of characteristics,
except that parabolic, rather than linear, extrapolation along Mach lines was used. Each
point was iterated several times (usually 4 or 5 but sometimes as many as 22 times). This
work (as well as the Friedrichs calculations) was done on the University's high-speed digital

computer.

Part of the computed network of Mach lines is shown in figure A4. The region where
nearly-horizontal Mach lines come together is shown in closer view in figure A5, Some of

these Mach lines coalesce into an impossible sudden-expansion singularity.

Two streamlines of the flow are also shown in figure A5, as calculated by the Friedrichs
method and as calculated by the method of characteristics. The two methods tend toward
agreement as the throat is approached or as the centerline is approached. The discrepancies
between the two methods are better seen in figure A6. Here the circles represent the radial
differences between characteristics and Friedrichs calculations, in the region where the two

results overlap. It was assumed that the characteristics results are correct. The dashed
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curve for 77 = .028 (the chosen streamline for the inviscid nozzle wall) was used as a correction
to the Friedrichs method results in the region between the throat and the first characteristics

point.

The 11 = . 028 streamline was chosen for the wall after weighing several factors. On the
one hand, it was desired to have the largest possible value of 17, in order to maximize the
favorable pressure gradient. On the other hand, a large value of 7 would mean that the correc-
tion shown in figure A6 would be large and therefore less accurate; also 7 must be small enough
to avoid the singularity shown in figure A5. (Actually, it is wise to keep some distance from
the singularity so that the rapid turning and localized expansion associated with closely spaced
Mach lines is lessened, since these would tend to make construction of a satisfactory nozzle

more difficult, and the boundary layer correction less accurate.)

Coordinates of the 7 = . 028 streamline are given in table AIL. This streamline has a maxi-
mum inclination to the axis of 24°. The resulting value of L (fig. 2) is19.75 c¢m, for a 15.23
cm inviscid exit diameter, and the axial distance from the sonic point on the axis to the exit

plane is 5. 26 times the inviscid exit diameter.

The actual physical contour of the nozzle was obtained by adding a laminar boundary layer
displacement thickness, as calculated by the method of Cohen and Reshotko (ref. 7), to the
inviscid flow streamline. The boundary layer calculations were made for stagnation conditions
of 2760 kPa and 728 K. The resulting displacement thickness at the exit is . 76 cm giving a

final exit diameter of 16.76 cm (6. 60 in.).
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APPENDIX B
FRIEDRICHS METHOD EQUATIONS FOR AXISYMMETRIC FLOW
In order to increase accuracy, the equations given in Friedrichs' original reports (refs. 8 and 9’

were extended to include higher order terms. The extended expansions are given below, including

new equations for the coefficients of the higher order terms.

Definitions
X axial coordinate, measured from sonic point on axis
r radial coordinate
L centerline distance from sonic line to beginning of test section

non-dimensional axial coordinate, x/L

X
y non-dimensional radial coordinate, r/L
3 potential line coordinate, value of X where potential line crosses axis
n streamline coordinate, value of y where streamline crosses x = 0 line
M0 Mach number on centerline
2 .3 1/2

h0 centerline stream tube height, [(M0 +5)7 /(216 Mo)}
q/qo velocity ratio
) flow angle
b M 2 -1

o
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APPENDIX C

NOZZ LE BOUNDARY-LAYER SURVEYSAT M =6 -9

by Nikolay Khvostov

In order to obtain information on boundary layer growth in hypersonic wind tunnel nozzles,
and on the location and causes of boundary layer transition in nozzles, a series of boundary
layer surveys was conducted in the conical nozzle at M = 5.8 - 9.2 and in the contoured noz-
zle (M = 7.8).

Instrumentation and Tests

The boundary layer surveys made use of a traveling pitot probe consisting of a square-
ended stainless steel tube of 1.1 mm outside diameter and .8 mm inside diameter, with a
length of 48 mm. It was connected to a pressure transducer by a 180-mm length of 1.1 mm

inside diameter tubing and a 500-mm length of 2. 3 mm inside diameter tubing.

The calibration of the pressure transducer and recording equipment at low differential
pressures was performed with a water manometer having a micrometer scale and inclined
index. For differential pressures higher than 150 mm of water a mercury manometer was

used.

The pitot probe was mounted on a traversing mechanism driven by a reversible alternat-
ing current motor To record the probe location with respect to the nozzle wall, a ten-turn

potentiometer geared to the traversing mechanism was used.

The signals from the pitot-pressure transducer were recorded by an x-y plotter as
ordinates, while the signals from the ten-turn potentiometer (proportional to distance from
the wall) were used as abscissa values. The pitot-pressure profile through the boundary layer

at a fixed nozzle station was thus plotted directly.

The experiment was conducted in the following way: At the beginning of a run the probe
touched the nozzle wall; after the flow in the nozzle had become stable the probe was moved
along the nozzle radius for a distance of 20 - 35 mm and then returned to its original position.
At the moment the probe made eléctrical contact with the wall, the electric motor used to

move the probe was shut down automatically. Due to the large friction in the probe gear
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and the fast response of the motor, the probe stopped almost instantaneously when the current

supply was shut off.

Data Reduction

Mach number in the flow core was determined from the ratio of the measured value of the
pitot pressure (total pressure behind the normal shock) to the stagnation pressure po'/pO and
the isentropic flow tables. Then the static pressure Pgy in the flow core was calculated and
assumed to remain constant through the boundary layer at a given nozzle station. Mach num-
ber distribution in the boundary layer was obtained from the static pressure and the measured

values of po'.

A pressure lag was observed near the nozzle wall due to the response of the measuring
line to the low pitot pressure. In this case the data reduction used an average of the readings

taken with the probe moving toward the wall and away from the wall.

Boundary-Layer Profiles

General test results are presented as the variation of Mach number with a nondimensional
distance from the nozzle wall y/R, where R is the nozzle radius in the plane of measurements.
In figures Cl and C2 test data are presented for the conical nozzle with the throat diameter
d, = 11.1 mm, at a distance x = 770 mm from the throat and at different Reynolds numbers,
ReX = (pvx)/u, where p, v, uare the density, velocity, and viscosity in the isentropic flow
core, respectively. Reynolds number is changed by the supply pressure variation. The stag-
nation temperature varies only slightly from test to test and is equal approximately to
710 K + 10%.

The test results for the laminar nozzle flow are shown in figure Cl. At the supply pres-
sure p_ = 164 kPa (Rex =0.38x 106) separation occurred in the nozzle, which did not effect
the core flow, but induced the local pressure increase at the edge of the boundary layer. In
defining Mach numbers from the ratio pst/po' under the assumption that Py is constant
throughout any nozzle cross section, Mach numbers at the boundary of the separated region
are overestimated. This fact is shown in figure C1 (Run No. 30). As the supply pressure

increases, the separated zone disappears and the Mach number profile varies smoothly.

Near the wall, Mach numbers vary slowly with distance from the wall. As Reynolds num-
ber increases, the boundary layer thickness reduces, the isentropic core dimension becomes

larger, and the Mach number profile is found to be more steep.
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Turbulent boundary layer results are presented in figure C2. The turbulent velocity
profile is much different from the laminar one, having significantly increased velocity near
the wall and decreased velocity near the outer edge of the boundary layer, and having twice
the total thickness. Mach number in the core decreases to M = 7.55 as compared withM="17.7

for a laminar flow at the maximum Reynolds number.

Mach number profiles at nozzle station x = 570 mm, for the conical nozzle with the same
throat diameter (d, = 11.1 mm), are presented in figures C3 and C4. Profiles for the three

other throat diameters (d, = 8.7, 6.83, and 13.18 mm) are presented in figures C5-C20.

For Mach numbers exceeding 8.5 a viscous interaction between the isentropic flow and
the boundary layer is evident. This appears as an increase of the pressure measured by the
probe near the boundary layer edge. The pressure increases as the probe moves from the
nozzle axis to the boundary layer edge due to the streamline curvature, reaches a maximum,
and decreases near the nozzle wall due to the viscous effect. The streamline curvature is
inevitably accompanied by a static pres'sure variation across the nozzle. Thus, the evaluation
of Mach number in the boundary layer from the core static pressure may result in an appreci-

able error.

Therefore the test results for Mach numbers exceeding 8. 5 are presented as the variation
of the pressure ratio (measured pressure po' to supply pressure po) against the nondimen-

sional distance from the nozzle wall y/R.

The test data for the boundary layer in the contoured nozzle are presented in figures C21-
C23. The stability of the boundary layer in the contoured nozzle appears to be less than in

the conical one.

Transition Reversal

In tests of the conical nozzle with throat diameter of d, = 11.1 the transition of a turbulent
boundary layer to a laminar one (transition reversal) was observed. Recorder traces are
shown on figure C24 for two runs, when the transition of the turbulent nozzle flow to the

laminar one occurred at constant supply conditions.

In run No. 20 (supply pressure and temperature were 689 kPa and 635 K, respectively)
the probe touched the wall at the initial moment of the experiment (y = 0) and moved along the
nozzle radius to the axis during the test. The direction of the probe movement is shown by
arrows. As the probe moved from the wall, a typical '"turbulent" pressure profile was

recorded. At some distance from the wall pressure oscillations appeared which were not
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observed in the preceding tests. As the external limit of the boundary layer was approached,
these pulsations disappeared. As the probe moved to the wall, a typical laminar pressure

profile was obtained. The boundary layer thickness reduced significantly.

Almost analogous results were obtained in run No. 21 (supply pressure p, = 689 kPa,
supply temperature TO = 645 K). However, at the moment of tunnel starting the probe was
within the core, at a distance greater than the turbulent boundary layer thickness (point 1 in
figure C24). As the probe moved to the wall, it passed through a pressure oscillation region
and the boundary layer became laminar. The probe having touched the nozzle wall, it was
introduced again into the core (line 2) and then moved back to the wall (line 3). During this
period the flow remained laminar without visible pressure oscillations. The discrepancy
between the lines (2) and (3) near the wall is due to the response of measuring lines when low

pressures are measured.

The pressure values obtained outside the boundary layer differ significantly. The pres-
sure po' in the laminar flow is lower than in the turbulent one. This fact defines a difference
of Mach number outside the boundary layer. Thus, in the turbulent flow, M = 6.76: in the

laminar, M = 6.92.

In spite of the fact that the Mach number variation in the nozzle is only 2%, the area of
the uniform Mach number field increased approximately by 60%. Such an appreciable varia-
tion of the boundary layer thickness shows that the transition includes a significant part of the

nozzle or the whole nozzle and not only the station which is considered.

The transition of the turbulent flow to a Iaminar one is apparently due to wall heating in
the transonic region of the nozzle. As the nozzle wall temperature increases, the boundary
layer thickness also increases. The effect of wall roughness (which produces turbulence)
decreases, and the boundary layer no longer becomes turbulent downstream. This transition
is accompanied by oscillations of the boundary layer thickness which are observed by the

pressure variation near the outer edge of the boundary layer.

Although the supply pressure and temperature are constant in figure C24, the local
Reynolds numbers are different: the turbulent value is ReX =1.62x 106 and the laminar

ReX =1.52x 106. This difference is due to the nozzle Mach number variation.

This anomalous behavior of the boundary layer was subsequently observed in tests of the
conical nozzle with other throat diameters. Examples of transition reversal are seen in the
boundary layer profiles for runs No. 71 (fig. C7), No. 162 (figs. C14 and C15), No. 224
(fig. C16), and No. 243 (fig. C20).

22



To evaluate the rate of change of the turbulent flow to a laminar one, the process of the
pressure variation at a given point of the boundary layer was investigated in the conical
nozzle with throat diameter d, = 13.18 mm. The probe was placed at a distance 5.4 mm
from the nozzle wall (y/R = 0.11) and at x = 440 mm from the throat. The supply pressure
was p_ = 470 kPa, as in run No. 243 (fig. C20). The pressure history is shown in figure C25.
It is evident that the measured pressure remained steady during the first 20 sec and then
began to increase smoothly. This increase terminated at t > 90 sec. The transition region

was characterized by pressure oscillations which reached 3-4%.

Displacement Thickness

In figure C1 the vertical bars show the displacement thickness 6* related to the nozzle

radius R at a given station by
6*/R =1 - (d,/2R) VA/A,

where A/A, is the area ratio corresponding to the Mach number in the core.

The variation of displacement thickness against Mach number for the laminar boundary

layer in the conical nozzle is plotted in figure C26. The curve represents the equation

1.8

(6%/%) w/Rex =0.32 M (laminar)
A similar plot for the turbulent boundary layer yielded the equation
(6+/x)(Re )1/ - 0.0133 /2 (turbulent)

These empirical relations are plotted in figure C27 along with all the displacement thickness

data as a function of Reynolds number.

The effect of inlet turbulence on boundary layer transition in nozzles was evaluated in
tests conducted without the spherical filter in place. Removing the filter resulted in appre-
ciable pressure oscillations near the outer edge of the boundary layer, and a shift of the
transition region to lower Reynolds numbers. This transition region shift to lower Reynolds

numbers is shown in figure C27. Similar results were obtained for d, = 13. 18 mm (not shown).
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Area ratios calculated from the empirical laminar and turbulent displacement thickness

relations for Re = 1.5x1c are compared in figure C28 with one-dimensional theory.

When these results are used, it should be taken into account that the data were obtained
not for an adiabatic wall but at the temperature factor Tw/To =0.43 - 0.52, where Tw is the

nozzle wall temperature at a distance 400 - 430 mm from the throat.

Conclusions

Laminar, turbulent, and transitional boundary layers have been surveyed in the conical
nozzle at Mach numbers 5.8 - 9. 2, and in the contoured nozzle at M = 7.8. The wall temper -

ature to stagnation temperature ratio at the nozzle mid-length station was TW/T0 =0.43 - 0.52.

Simple empirical equations fitted to the experimental data express the displacement thick-
ness in terms of the length Reynolds number and core Mach number, for either laminar or

turbulent flow in the conical nozzle.

Transition reversal (a change from turbulent to laminar flow as heat transfer rate is

decreased) occurs in the conical nozzle at certain Reynolds numbers.

Without the spherical filter in place at the nozzle entrance, appreciable pressure fluctua-
tions are noted near the outer edge of the boundary layer, and transition begins at lower

Reynolds numbers.
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APPENDIX D
SYMBOLS

cross section area of air stream
sonic cross section area
throat diameter of nozzle
length of nozzle from throat to beginning of test section on axis
Mach number
stagnation pressure
pitat pressure
plateau pressure
static pressure
radius of nozzle cross section
transition Reynolds number, p, v, d,/u,
Reynolds number based on distance from throat, pvx/u
longitudinal radius of curvature at throat
throat cross section radius, d,/2

stagnation temperature
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5*

oy

Px

26

wall surface temperature

velocity

sonic velocity

distance from throat

distance from wall, perpendicular to axis

displacement thickness

streamline coordinate

flow angle

viscosity

sonic viscosity

mass density

sonic mass density
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